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ABSTRACT 
 
The U.S. Department of Energy has mandated the production 16 billion 
gallons of renewable biofuel from cellulosic feedstocks by 2022. To reach 
production goals, large areas of land in the eastern U.S. will need to be dedicated to 
cellulosic feedstocks. Miscanthus x giganteus (M. x giganteus) is a perennial grass 
that is a potential candidate for cellulosic biofuel production because it has been 
shown to be highly productive with minimal inputs. Nitrogen (N) fertilization is 
being studied to see if M. x giganteus productivity is increased as well as potential 
environmental impacts. It is important to understand the effects of N fertilizer on M. 
x giganteus across a range of soil types and climatic factors. The objective of this 
study was to determine the effect of three different fertilizer treatments (0, 60, and 
120 kg N ha-1 yr-1 annually as urea in spring) on biomass production, soil organic 
matter (SOM), and inorganic N leaching at five sites in the eastern U.S., and nitrous 
oxide (N2O) and carbon dioxide (CO2) emissions at one site (Illinois). Miscanthus x 
giganteus was planted during the spring of 2008 at Urbana Illinois, Lexington 
Kentucky, Mead Nebraska, and Adelphia New Jersey in 10 x 10 m plots, each 
replicated four times. The Gretna Virginia site was established a year later in 2010 
replicating the same plot layout as the other sites. Site locations covered three 
different soil orders including two Mollisols (Illinois and Nebraska), two Ultisols 
(New Jersey and Virginia), and one Alfisol (Kentucky). 
There were no observed yield responses to fertilizer treatments, except at 
the Illinois site in 2012. In 2012 the 60 and 120 kg N ha-1 yr-1 treatments were 
significantly greater than the 0 kg N ha-1 yr-1 plots, which was likely due to extreme 
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weather conditions. A late frost killed back emerged M. x giganteus, which was 
followed by extreme drought conditions during the summer months. The fertilized 
treatments likely benefited from supplemental N during the second emergence, but 
yield was reduced in all treatments from the previous year. Changes in labile SOM 
were determined by measuring potentially mineralizable N and permanganate 
oxidizable carbon (POX-C) in soil samples collected in 2008 and 2012. Potentially 
mineralizable N was found to increase across all fertilizer treatments and sites in 
the 0 – 10 cm soil depth, but not at 10 – 30 cm. Permanganate oxidizable carbon was 
driven by site history. An increase in POX-C in the 0 – 10 cm soil depth was found at 
both the Illinois and New Jersey sites; these sites were regularly tilled during the 
years preceding M. x giganteus planting. Decreases in POX-C were observed at the 
Kentucky and Nebraska sites in the 0 – 10 cm soil depth. These sites were both 
highly managed in turf grass production prior to M. x giganteus planting.  
Inorganic N leaching (at 50 cm soil depth using resin lysimeters) was 
measured at the Illinois site beginning in 2009, and at all sites in 2012. The fertilized 
plots had significantly greater nitrate leaching compared to the unfertilized plots 
every year after 2009 in Illinois and across all sites in 2012. The 120 kg N ha-1 plots 
had the greatest amount of nitrate leaching every year and across all sites during the 
study period (ranging from 10 to 39 kg N ha-1 yr-1). The 0 kg N ha-1 plots all stayed 
under 10 kg N ha-1 yr-1. The unfertilized plots had decreasing nitrate leaching as M. x 
giganteus established at the Illinois site. Nitrous oxide emissions measured from 
2009-2013 at the Illinois site and were greater on fertilized plots. The 60 and 120 kg 
N ha-1 plots ranged in annual N2O emissions from 0.5 to 4.3 kg N ha-1 yr-1, and the 0 
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kg N ha-1 plots ranged from 0.1 to 0.5 kg N ha-1 yr-1. Carbon dioxide emissions were 
not found to be affected by fertilizer treatments.  
Miscanthus x giganteus altered SOM composition in only four years of 
production by increasing the amount of potentially mineralizable N at every site, 
regardless of N fertilization. However, N fertilization was found to increase both 
nitrate leaching at 50 cm soil depth and N2O emissions without increasing biomass 
production. This analysis demonstrates the negative environmental effects from N 
fertilized M. x giganteus across five soil types, and highlights the importance of 
future work on M. x giganteus N cycling, particularly in understanding why potential 
soil N mineralization rates were increased. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
 
ACKNOWLEDGMENTS 
 
I would like to first express my appreciation for my adviser Dr. Mark B. David. Dr. 
David gave me the opportunity to work in his lab as an undergraduate student. He 
encouraged me to start my own research, and helped me continue this work as a graduate 
student. Dr. David pushed me become a better student in the classroom, teacher at the 
lectern, and researcher in the field. Most importantly, Dr. David has taught me how to think 
critically and act with precise scientific methodology. I will always be grateful for the 
opportunities I was given in his laboratory.  
 I would like to thank my committee members Dr. Robert G. Darmody and Dr. 
Thomas B. Voigt. My passion for soil science started in Dr. Darmody’s introduction to soil 
science course and grew with the application of my education through field pedology. I 
have traveled thousands of miles with Dr. Darmody, stopping at countless reserves, parks, 
and farms. I would like to thank Dr. Darmody for all those memories and educational 
moments. I truly believe one can learn more in in a single day traveling from soil pit to soil 
pit than in an entire semester in the classroom. My education would have not been 
complete without the help of Dr. Voigt. Dr. Voigt helped broaden my education to include 
plant sciences. He also provided me with great networking experiences. He always went 
out of his way to introduce me to professors and other researchers.  
 I would also like to thank the Biogeochemistry Laboratory, including the numerous 
undergraduate workers who helped on this project. Corey Mitchell has been immensely 
helpful in every aspect of my project, field, lab, and data analysis. I would like to thank 
Lowell Gentry. Lowell was great mentor. He taught me the importance of studying 
surrounding landscapes when taking and analyzing field measurements. I would also like 
vi 
 
to thank fellow graduate students, Tito Lavaire, and Tyler Groh. Tito and Tyler were there 
to support me on a daily basis. I feel lucky to leave my master’s degree having made lifelong 
friendships.  
Finally, I would like to thank my friends and family for their love and support. 
My parents, Jeff and Tammy Davis, taught me that hard work and kindness are always 
rewarded. I believe this value has helped me reach my goals. I am greatly appreciative to 
my grandparents, Gary and Silvia Morgan, for their financial and emotional support 
throughout my Master’s degree. I would like to thank my late grandfather Dr. Edward L. 
Davis. My grandfather was a constant push throughout my childhood towards higher 
education and deeper thought. To close, I would like to thank my fiancé Mary Regan. Mary’s 
love and support has been my drive over the past two years, and I will be forever grateful. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vii 
 
TABLE OF CONTENTS 
 
LIST OF FIGURES…………………………………………………………………………………………………………viii 
 
LIST OF TABLES……………………………………………………………………………………………………………..x 
 
CHAPTER 1: BIOENERGY AND MISCANTHUS X GIGANTEUS………………………………………………1 
 Introduction………………………………………………………………………………………………………...1 
            Overall Objectives………………………………………………………………………………………………...5 
 Experimental Design....………………………………………………………………………………………....6 
 
CHAPTER 2: YIELD, SOIL ORGANIC MATTER, AND INORGANIC NITROGEN LEACHING…14 
Introduction………………………………………………………………………………………………………14
Objectives………………………………………………………………………………………………………….18 
 Materials and Methods……………………………………………………………………………………….18 
 Results………………………………………………………………………………………………………………23 
 Discussion………………………………………………………………………………………………………….40 
 
CHAPTER 3: GREENHOUSE GAS EMISSIONS…………………………………………………………………..46 
 Introduction………………………………………………………………………………………………………46 
 Objectives………………………………………………………………………………………………………….48 
 Materials and Methods……………………………………………………………………………………….49 
 Results………………………………………………………………………………………………………………51 
 Discussion…………………………………………………………………………………………………………59 
 
CHAPTER 4: CONCLUSIONS…………………………………………………………………………………………..62 
 
REFERENCES………………………………………………………………………………………………………………..65 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
viii 
 
LIST OF FIGURES 
 
Figure 1.  Aerial map view of the Illinois site, and experimental design including 
fertilizer treatments of kg N ha-1 yr-1…………………………………………………………..9 
Figure 2.  Aerial map view of the Kentucky site, and experimental design including 
fertilizer treatments of kg N ha-1 yr-1. Kentucky 1 is located to the north. 
Kentucky 2 is located to the south………………………………………………..………......10 
Figure 3. Aerial map view of the Nebraska site, and experimental design including 
fertilizer treatments of kg N ha-1 yr-1………………………………………………………...11 
Figure4.  Aerial map view of the New Jersey site, and experimental design including 
fertilizer treatments of kg N ha-1 yr-1………………………………………………………...12 
Figure 5.  Aerial map view of the Virginia site, and experimental design including 
fertilizer treatments of kg N ha-1 yr-1………………………………………………………...13 
Figure 6.  Percent volumetric soil water content and millimeters of precipitation for 
2012-2013……………………………………………………………………………………………...27 
Figure 7.  Average potential mineralizable N at soil depths of 0-10 cm and 10-30          
cm in 2008 and 2012. Error bars represent ± the standard error.                        
* denotes a statistical    difference between 2008 and 2012.………………………31 
Figure 8.  POX-C at depths of 0-10 cm and 10-30 cm . Error bars represent ± the 
standard error. * denotes a statistical difference between 2008 and 
2012.………………………………………………………………………………………………………34 
Figure 9.  Total C at depths of 0-10 cm and 10-30 cm . Error bars represent ± the 
standard error. * denotes a statistical difference between 2008 and 
2012……………………………………………………………………………………………………….35 
Figure 10.  Total N at depths of 0-10 cm and 10-30 cm . Error bars represent ± the 
standard error. * denotes a statistical difference between 2008 and 
2012.………………………………………………………………………………………………………35 
Figure 11.  Inorganic N leached from the Illinois site from 2009-2013, as both          
nitrate and ammonium. Error bars represent ± the standard error. Different 
letters denote statistical differences (p < 0.05)………………………………………….38 
Figure 12.  Inorganic N leached from 2012-2013, as both nitrate and ammonium. Error 
bars represent ± the standard error Different letters denote statistical 
differences (p < 0.05)…………………………………………………….………………………...39 
  
ix 
 
Figure 13.  Daily precipitation amounts, soil temperature at 10 cm, and daily N2O   
fluxes from 2009-2013. The largest fluxes from each year were           
observed after fertilizer application………………………………………………………....53 
Figure 14.  Cumulative N2O eissions from 2009-2013 with date fertilized. Different 
letters denote statistical differences (p < 0.05)………………………………………….54 
Figure 15.  Soil temperature at 10 cm, and daily CO2 fluxes from 2009-2013. The    
largest fluxes from each year were observed during the warmest month        
of measurement……………………………………………………………………………………....56 
Figure 16.  Cumulative CO2 emissions from 2009-2013 with date fertilized. Different 
letters denote statistical differences (p < 0.05)………………………………………... 57 
Figure 17.  Temperature vs. daily CO2 flux………………………………………………………………..  58
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
x 
 
LIST OF TABLES 
 
Table 1.  Total monthly precipitation (mm) at each site from 2008 2013…………………25 
Table 2.  Average monthly minimum and maximum temperatures (C) for all sites, 
2008-2013………………………………………………………………………………………………26 
Table 3.  Average biomass yields by treatment (with standard errors).                
Different letters denote significant difference across fertilizer          
treatments (p < 0.05).………………………………………………………………………………30 
Table 4.  Yearly cumulative CO2 and N2O by treatment. Different letters denote 
significant difference across fertilizer treatments (p < 0.05)……………………...55  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
 
CHAPTER 1: BIOENERGY AND MISCANTHUS X GIGANTEUS 
Introduction 
A global problem 
World population has now passed 7 billion, and the United Nations predicts a global 
population of more than 9 billion by 2050 (United Nations, 2011). Food, water, and energy 
security are all projected to be pressing issues in the near future (Delgado et al., 2011). 
Global demand for liquid fuels has been projected to increase anywhere from 27 to 35% by 
the year 2040, depending mostly on actions of developing nations (U.S. Energy Information 
Administration, 2013). Rapid industrial development and population growth, particularly 
in developing countries, could greatly increase these projections. Cellulosic biofuel 
feedstocks have been proposed as one solution to both help relieve economic pressure and 
be a carbon (C) neutral alternative to liquid fossil fuels. The United States (US) has set 
expectations, through the Energy Independence and Security Act of 2007 (EISA), which 
requires 36 billion gallons of ethanol to be produced annually by the year 2022. Corn 
ethanol is limited to 15 billion gallons per year, and cellulosic ethanol is expected to be 
produced at a minimum of 16 billion gallons per year. To reach this goal, the US will need to 
accelerate the development, production, and processing of cellulosic biofuel feedstocks. 
Actions on these fronts need to be taken now to meet US standards and to stabilize energy 
security.  
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US and relations to bioenergy production 
During the past decade the US government has been involved in research to assess 
the feasibility of cellulosic biofuels on a variety of US soils. The Energy Information 
Administration expectations are that cellulosic biofuels would lead to cheaper fuels and 
create jobs in both agricultural and urban communities. The United States Department of 
Agriculture (USDA), Department of Energy, and the Department of Transportation (DOT) 
have teamed with land grant universities and national labs to form the Sun Grant Initiative 
to answer questions regarding the production, economics, and environmental 
sustainability of a variety of cellulosic biofuel crops.  
Ideal feedstocks for cellulosic production are fast growing plants that produce a 
large amount of biomass. These plants are often grouped into two different categories: 
woody species and perennial rhizomatous grasses (PRGs). Woody crops are slower to 
establish and have higher moisture contents compared to PRGs, but the harvested biomass 
from woody crops can be stored longer in comparison to PRGs (Clifton-Brown et al., 2007). 
Both fast growing crop types have advantages and disadvantages, but both woody crops 
and PRGs will have their place on future landscapes used for bio-feedstock production. The 
Sun Grant Initiative has created teams to conduct research on both crop types. 
The North Central Sun Grant Feedstock Partnership coordinates research on 
temperate-region PRGs including Miscanthus x giganteus and switchgrass (Panicum 
virgatum). Both species are high yielding, but M. x giganteus often produces more biomass 
than switchgrass (Heaton et al., 2004). The North Central Sun Grant Feedstock Partnership 
M. x giganteus team established four research sites (IL, KY, NE, and NJ) across the eastern 
U.S. in 2008, and a fifth in VA in 2010. The group is investigating the productivity of the 
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grass when grown under three nitrogen (N) fertility regimes, 0, 60, and 120 kg N ha-1. This 
study is a continuation of the research carried out by Maughan et al. (2012) and Behnke et 
al. (2012) and will further evaluate the effects of N fertilizer on M. x giganteus produced on 
the sites established by the North Central Sun Grant Feedstock Partnership. 
Miscanthus x giganteus 
 The goal of any potential energy crop is to produce the maximum amount of 
biomass with minimal energy inputs (Nonhebel, 2002). Along with a positive energy 
balance, it is important for potential crops to have a neutral or positive effect on the 
environment (Heaton et al., 2008). Miscanthus x giganteus fulfills these goals and is among 
a select few PRGs being studied for mass production as a biofuel feedstock in the US. 
Miscanthus x giganteus is a natural occurring sterile triploid hybrid that originated in Japan 
(Linde-Laursen, 1993). Miscanthus x giganteus is incapable of producing viable seed, and is 
therefore a minimal threat to becoming an invasive (Jorgensen and Muhs, 2001). The crop 
was initially studied for energy and fiber use in the European Union (Clifton-Brown et al., 
2001), and research has since been done in the US to complement that work (Heaton et al., 
2010).  
 Miscanthus x giganteus has reached annual yields up to 40 Mg dry mass ha-1 on 
prime agricultural land (Heaton et al., 2008). Both the European Union and US have 
interest in M. x giganteus because it is able to photosynthesize well at lower temperatures 
compared to other warm season grasses (Naidu et al., 2003). This trait is important for 
maximum biomass production in northern hemisphere climates such as those found in the 
US and European Union. Dormancy is broken and rhizomatous growth begins when soil 
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temperatures reach 10 -12°C, and leaf expansion starts at temperatures between 5 -10°C 
(Clifton-Brown and Jones, 1997). These are positive attributes for temperate regions. 
However, M. x giganteus often has poor establishment due to cold temperatures in the first 
winter after planting. Clifton-Brown et al. (1997) and Lewandowski et al. (2000) found M. x 
giganteus’ survival was decreased up to 50% under conditions where first year soil 
temperatures decreased below -3.4 °C. However, risk of winter kill was seen to decrease 
after the initial establishment year.  
Miscanthus x giganteus has not shown a yield response to N fertilizer during 
establishment years (Maughan et al., 2012; Lewandowski et al. 2000; Behnke et al., 2012). 
However, some studies suggest that there may be a response after a crop has reached 
maturity, but more research is needed for future N fertilizer recommendations (Miguez et 
al., 2008). The high N use efficiency that has been observed for M. x giganteus is thought to 
be a result of both site and plant characteristics (Heaton et al., 2009). Site history is always 
critical when looking at a new crop on soils which were previous used in intensive 
agriculture. History includes the soil type, location on the landscape, and past management. 
Heaton et al. (2009) and Dohleman et al. (2012) found that the ability of M. x giganteus to 
retranslocate N at the end of the growing season was important to its N use efficiency. 
Concentrations of N in M. x giganteus rhizomes are lowest in the winter months and highest 
in late spring when the plant is in the process of producing the majority of its biomass 
(Dohleman et al., 2012). This makes the ideal harvest time in early winter when N 
concentrations are low, but before the plant loses biomass due to weather (Heaton et al., 
2008). Miscanthus x giganteus would provide a biofuel feedstock with low concentrations 
of N and other nutrients seen as contaminants in the cellulosic conversion process (Heaton 
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et al., 2008). Miscanthus x giganteus’ C4 photosynthetic pathway also helps with N 
efficiency as well as water efficiency (Christian et al., 2008). However, M. x giganteus has 
been found to significantly reduce soil moisture due to greater evapotranspiration during 
the growing season compared to switchgrass and a corn-soy bean rotation (McIsaac et al., 
2010). This could be a concern for large stands of M. x giganteus, and more research will be 
need to understand both long term effects, and how the species reacts in years with 
reduced precipitation during the growing season. 
 Miscanthus x giganteus has appealing traits to become a commercial biofuel 
feedstock for the cellulosic industry, but more research is needed on the possible changes 
in biogeochemical cycles revolving around the soil system. Specifically, it is important to 
assess any potential environmental harms from these altered cycles in the production of M. 
x giganteus. 
Overall Objectives 
My overall objective was to evaluate the effects of N fertilizer treatments on soil C and N 
biogeochemistry during the establishment and early mature phases of M. x giganteus 
across five soil types and climates in the US. Specific objectives of my study were to: 
1) evaluate changes in soil organic matter in response to M. x giganteus production 
with varying N fertilization across sites; 
2) determine leaching losses of nitrate and ammonium across sites and fertilization 
rates;  
3) observe soil temperature and soil moisture across sites; and 
4) make detailed measurements of N2O and CO2 gas emissions across fertilization rates 
at one site.  
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EXPERIMENTAL DESIGN 
Field design  
In the early summer of 2008, twelve identical ten meter by ten meter plots were 
planted with M. x giganteus rhizomes at four university field sites including, University of 
Illinois Urbana-Champaign, University of Kentucky, University of Nebraska-Lincoln, 
Rutgers, and The State University of New Jersey. A fifth field site was planted at Virginia 
Polytechnic Institute and State University in 2010 (Figures 1-5). The rhizomes were 
developed from a demonstration planting at the University of Illinois Landscape 
Horticulture Research Center (Urbana, IL). The M. x giganteus rhizomes were harvested 
from the University of Illinois (Urbana, IL) and propagated in greenhouses. Approximately 
1,200 juvenile plants were then shipped to each state for planting in the spring of 2008. 
Each site was planted to include four replicates of three fertilizer treatments (0, 60, and 
120 kg N ha-1) organized in a randomized complete block design. Pelletized urea fertilizer 
was applied every spring, including the initial planting year of 2008. All sites were irrigated 
and mechanically weeded during the first year of establishment. 
Site descriptions 
 The Illinois site (IL) is located on the University of Illinois Urbana-Champaign 
Energy farm (Urbana, IL, 40°06’20” N, 88°19’18” W) (Figure 1). Urbana, IL receives 105 cm 
of annual precipitation and has an average annual temperature of 10.9 °C (National 
Climatic Data Center, climate normals from 1981-2010). Soils at the Illinois site are 
classified as the Wyanet series (fine-loamy, mixed, active, mesic Typic Argiudolls). Wyanet 
is an atypical series in east central Illinois’ glaciated landscape. Common soils in the region 
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are composed of fine-silty loess over glacial till or glacial outwash, specifically the Catlin-
Flanagan-Drummer catena locally. The Wyanet series has a fine sandy loam cap over glacial 
till. The site was in a conventional row crop setting prior to planting in 2008. Severe winter 
weather after a late 2008 planting resulted in only a 25% crop survival into the spring of 
2009. The plots were replanted in spring 2009 to return population levels to the initial 100 
plants per plot.  
  The Kentucky site (KY) is located on the University of Kentucky Agriculture and 
Research Center (Lexington, KY, 38°07’45” N, 84°30’08” W) (Figure 2). Lexington, KY 
receives 115 cm of annual precipitation and has an average annual temperature of 13.1 °C 
(National Climatic Data Center, climate normals from 1981-2010). Soils at the Kentucky 
site are classified as the Maury series (fine-silty, mixed, active, mesic Typic Paleudalf). 
These soils were formed in residuum from phosphatic limestone. The site is located on a 
rolling landscape, and is considered good crop growing soil in the region. Prior to initial 
planting in 2008, the site was under Bermuda grass in a turfgrass research setting and 
fertilized at a rate of 197 kg N ha-1 annually. Close to 99% of the M. x giganteus survived the 
first winter, and lost plants were replaced the following spring.  
 The Nebraska site (NE) is located on the University of Nebraska-Lincoln Agriculture 
and Research Center (Mead, NE, 41°10’07” N, 96°28’10” W) (Figure 3). Mead, NE receives 
75 cm of annual precipitation and has an average annual temperature of 9.9 °C (National 
Climatic Data Center, climate normals from 1981-2010). Soils at the Nebraska site are 
classified as the Tomek series (fine, smectitic, mesic Pachic Arigudols), Mollisols formed in 
very deep loess. The landscape consists of flat plains and is traditionally in cropland. Prior 
to initial planting in 2008, the site was under a turf grass research setting. About 79% of 
8 
 
the M. x giganteus survived the first winter, and lost plants were replaced the following 
spring.  
 The New Jersey site (NJ) is located on the Rutgers University Research Center 
(Adelphia, NJ, 40°13’31” N, 74°14’54” W) (Figure 4). Adelphia, NJ receives 119 cm of annual 
precipitation and has an average annual temperature of 12.0 °C (National Climatic Data 
Center, climate normals from 1981-2010). Soils at the New Jersey site are classified as the 
Holmdel series (fine-loamy, mixed, active, mesic, Aquic Halpudults). The site is on a coastal 
plain, and Holmdel soils are poorly drained. The site is located near several small streams. 
Prior to initial planting in 2008, the site was used for convention row crop research. Nearly 
all of the M. x giganteus survived the first winter at this site. 
 The Virginia site (VA) is located on the Piedmont Bioproducts Farm (Gretna, VA, 
36°56’1” N, 79°23’44” W) (Figure 5). Gretna, VA receives 115 cm of annual precipitation 
and has an average annual temperature of 12.6 °C (National Climatic Data Center, climate 
normals from 1981-2010). Soils at the Virginia site are classified as the Cecil Series (fine, 
kaolinitic, thermic Typic Kanhalpudults). The Virginia site is located on top of a ridge in 
significantly sloped topography categorized as piedmont uplands. These soils are formed in 
residuum from both igneous and metamorphic rocks. The Virginia site was planted in 2010, 
but has now reached establishment comparable to the other sites. 
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Figure 1. Aerial map view of the Illinois site, and experimental design including fertilizer treatments of kg N 
ha-1 yr-1. 
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Figure 2. Aerial map view of the Kentucky site, and experimental design including fertilizer treatments of 
kg N ha-1 yr-1. Kentucky 1 is located to the north. Kentucky 2 is located to the southwest. 
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Figure 3. Aerial map view of the Nebraska site, and experimental design including fertilizer treatments of kg 
N ha-1 yr-1. 
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CHAPTER 2: YIELD, SOIL ORGANIC MATTER, AND INORGANIC NITROGEN LEACHING 
Introduction 
Nitrogen cycling 
 Nitrogen is often described as the most important element for increasing yields of 
agricultural crops. The amount of potentially mineralizable N plays a large role in assessing 
needs for N fertilizer applications (Schomberg et al., 2009). The goal of any fertilizer 
application is to apply the least amount of N to reach maximum yields. When more N is 
applied than the plant can take up, or application is during the non-growing season, nitrate 
can leach through the soil with precipitation events. Conventional agricultural systems 
with subsurface drainage (drain tiles) have caused an increase in nitrate leaching into 
streams and rivers (David et al., 2010). Nitrate losses are largest following precipitation 
events before the active growing season (David et al., 1997). Large nitrate leaching events 
can lead to human health problems due to increased concentrations in ground and surface 
waters and hypoxia in coastal waters around deltas of major river outlets (USEPA, 2007). 
Perennial grasses, including M. x giganteus, require less N fertilizer and could reduce the 
amount of nitrate moving into streams and rivers compared to conventional corn 
production. Studies by Smith et al. (2012) and McIsaac et al. (2010) found M. x giganteus 
had less nitrate leaching compared to corn-soybean systems using ion resin lysimeters at 
50 cm. Both studies were located in east-central Illinois on productive Mollisols. Soils in 
this region are historically poorly drained, and agricultural production is greatly enhanced 
by tile drainage. Studies by both Smith et al. (2012) and McIsaac et al. (2010) were 
conducted on sites with tile drainage. 
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Smith et al. (2012) compared M. x giganteus leaching to switchgrass, mixed prairie, and 
corn-corn-soy rotation for 4 consecutive years. They found that the unfertilized perennial 
treatments leached the most nitrate during the initial planting year, and then declined in 
the following years. Miscanthus x giganteus leached the greatest amount of any treatment, 
75 kg nitrate-N ha-1 yr-1, in its first year of growth. However, by the fourth year of growth 
M. x giganteus was under 5 kg nitrate-N ha-1 yr-1. The corn-corn-soybean leached similar 
amounts over the four years, ranging from 38-50 kg nitrate-N ha-1 yr-1. Smith et al. (2012) 
concluded that reduced N losses from perennial grasses compared to a corn-corn-soybean 
rotation create environmental and economic incentives for biofuel production.  
McIsaac et al. (2010) found similar results to Smith et al. (2012). McIsaac et al. (2010) 
compared unfertilized M. x giganteus to corn-soybean and switchgrass treatments. Nitrate 
losses from M. x giganteus declined with establishment from 6.6-1.5 kg nitrate-N ha-1 yr-1, 
whereas corn-soybean rotations ranged from 34-45 kg nitrate-N ha-1 yr-1. McIsaac et al. 
(2010) concluded that M. x giganteus leached one seventh the amount of corn-soybean, and 
would reduce the amount of nitrate being leached to streams if implemented on a large 
scale. McIsaac et al. (2010) also noted fertilizer application is likely for future optimum 
yield on M. x giganteus. However, fertilizer has been shown to increase nitrate leaching 
under M. x giganteus (Christian and Riche, 1998). 
 Christian and Riche (1998) measured nitrate leaching using suction lysimeters on 
silty clay loams in Rothamsted, England. Lysimeters were installed at a depth of 90 cm and 
collected bi-weekly for three years. Measurements were taken under three fertilizer 
treatments, 0, 60, and 120 kg N ha-1. Christian and Riche (1998) found increasing nitrate 
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leaching with increasing fertilizer treatments. Like Smith et al. (2012) and McIsaac et al. 
(2010), Christian and Riche (1998) found a decrease of nitrate leaching with time, but 
greater leaching amounts remaining under the fertilized plots. Although some work has 
been completed on N leaching under M. x giganteus, the literature is centered on highly 
productive soils. There is little research in the literature discussing nitrate leaching under 
M. x giganteus on less productive soil types. Older, less fertile, sandier soils may have 
different nitrate leaching losses compared to the study sites of Smith et al. (2012), McIsaac 
et al. (2010), and Christian and Riche (1998). It is likely future development of M. x 
giganteus will be on marginal soil and not highly productive agricultural land; therefore, 
emphasizing for the need of future work on nitrate leaching from M. x giganteus. 
Miscanthus x giganteus has also been modeled to add to soil N at the surface due to a 
large input into the soil organic matter through residue and root decomposition (Davis et 
al., 2010). Miscanthus x giganteus retranslocation aspects have also been thought to lead to 
greater N in surface soils (Heaton et al., 2009). There are many procedures to measure 
potential N mineralization, but no one procedure has been widely accepted in the scientific 
community. However, long-term incubations are often considered the best method for 
assessing potential N mineralization (Wang et al., 2003). Specifically, a 7-day anaerobic 
incubation procedure has been established as a reliable, responsive, and timely procedure 
(Schomberg et al., 2009). This procedure has also been used to show that M. x giganteus has 
the ability to increase potential N mineralization on one site that previously was in a corn-
soybean rotation (Davis et al., 2013).  
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Soil organic carbon 
Soil organic carbon (SOC) is considered an important factor that can define soil quality 
(Wander and Drinkwater, 2000). No one method in the literature has been accepted to 
completely characterize soil C, but many methods have been shown to measure different 
pools of soil C accurately. Soil C has been projected to increase under M. x giganteus in a 
relatively short period of time using modeling (Davis et al., 2010), but no direct 
measurements were made in that study. In addition, measurements assessing soil C other 
than total may give better indications of short-term changes. There have been many 
methods utilized to measure different fractions of SOC. Some of these methods measure 
pools of C resistant to microbial change whereas others measure more labile pools. One 
procedure that measures labile, or active pools, of C is permanganate oxidizable carbon 
(POX-C). This procedure has been found to be more sensitive to management effects 
compared to total C, and presumably closely related to biological processes within the soil 
system (Weil et al., 2003). Culman et al. (2012) found POX-C to have a greater sensitivity to 
environmental variation compared with other SOC procedures. POX-C is a good candidate 
to look at variations of changes in management under different environmental settings; 
therefore, POX-C should be responsive in the conversion of land to M. x giganteus.  
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Objectives 
The specific objective of this chapter is to gain a better understanding of how the soil 
system is affected by M. x giganteus under fertilizer treatments. I evaluated: 
1) site growing conditions through soil monitoring; 
2) soil organic matter, through potential mineralizable N, POX-C, and total C and N; and 
3) inorganic N leaching. 
Materials and Methods 
Biomass yield sampling  
Plots were harvested on a yearly basis from early to late winter depending upon snow 
cover at each location. Biomass was harvested using a standardized protocol at the 
Kentucky, Illinois, New Jersey, and Nebraska sites. At these sites a representative plant was 
chosen from each plot. Representative plants did not include plants on the edges of the 
plots. A 1 m2 quadrant was placed around the representative plant. All of the standing 
tillers within the quadrant were cut 10 cm above the ground. Ground litter was not 
included in the sample. The quadrant was then flipped directly to the north. The single 
plant within this quadrant was harvested in the same manner as the representative plant. 
This was repeated, and a total of four plants were harvested to estimate biomass yield.  
 The Nebraska site was harvested using a mechanical forage plot harvester (Cater 
MFG Co., Inc. Brookston, IN, USA). The harvester was set to harvest 10 cm from the ground. 
One row of 10 plants covering 10 m2 was harvested each year. 
 All biomass samples were processed to determine dry biomass (Mg ha-1) and 
percent moisture at harvest. Samples from each plot subsamples were dried at 60° C for 48 
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hours. Dry biomass was determined by calculating the percent moisture of the dried 
subsample.  
Field sampling and soil preparation  
 Soils were sampled at initial planting in 2008 using a truck mounted Giddings probe 
with a diameter of 3.2 cm. Three random cores per plot were collected at Illinois, Kentucky, 
Nebraska, and New Jersey to a depth of 100 cm. Each core was divided by depth (0-10, 10-
20, 30-50, and 50-100 cm), returned to the laboratory, air-dried, disaggregated, and 2 mm 
sieved. Subsamples were composited by depth (0-10, 10-20, and 20-30 cm) within each 
plot. In 2012, nine samples were collected from each plot in a grid pattern, two plants (~2 
m) in from the edge of the plot, and three plants (~9 m) apart from one another. A 3.2 cm 
diameter hand corer was used to collect samples. Cores were divided into 0-10 and 10-30 
cm depths and composited by depth and plot. The 2012 samples were air dried, 
disaggregated, and sieved through a 2 mm screen. The 10-20 and 20-30 cm samples from 
2008 were composited to match the 10-30 cm samples collected in 2012. Subsamples were 
taken from processed samples and finely ground specifically for total C and N analysis. 
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Analytical soil procedures  
Total C and N in each soil sample were determined using an Elemental Analyzer (EAS 
4010, Costech). For potential mineralizable N using the 7-day aerobic incubation technique, 
initial extractable inorganic N was measured on approximately 8 grams of processed soil. 
Samples were extracted using 40 ml of 2 M potassium chloride following Mulvaney (1996). 
Extracts were then frozen until analyzed for NH4-N and NO3-N colorimetrically on a Lachat 
Quikchem FIA 8000 series. The 7-day anaerobic incubation to measure potential 
mineralizable N was conducted following the procedure outlined in Drinkwater et al. 
(1996). Approximately 8 grams of processed soil and 10 mL of distilled deionized water 
were measured into 50 mL centrifuge tubes. Samples were then purged with N2 gas for one 
minute, and caps to the centrifuge tubes were immediately sealed and electrical tape was 
applied around the cap edge to ensure an airtight seal. Samples were then placed in an 
incubator at 40 °C for 7 days. After 7 days, samples were removed from the incubator, and 
30 mL of 2.67 M potassium chloride was added to each centrifuge tube. The samples were 
then shaken for 1 hour, centrifuged, and extracted. Samples were then frozen until 
analyzed as previously described in the extractable inorganic N protocol. Total mineralized 
N was calculated by subtracting the initial KCl NH4-N from the NH4-N measure after the 
incubation.  
 POX-C was determined using protocol detailed in Culman et al. (2012). Each sample 
was weighed to 2.5 grams (±0.05 g) and placed into a centrifuge tube. After weighing, 2 mL 
of 0.2 M KMnO4 and 18 mL of distilled deionized water was added to the soil. The samples 
were immediately shaken for 2 minutes then placed in the dark to settle. The sample was 
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then diluted by extracting 0.5 mL of the supernatant and adding this to 49.5 mL of distilled 
deionized water. The samples were analyzed on a spectrophotometer (Aquamate, Thermo 
Spectronic) in as low of light as possible. Absorbance values were then used to calculate 
POX-C (mg kg-1 soil). The standard curve was calculated using measurements of triplicates 
of KMnO4 stock solution at concentrations of 0.005, 0.01, 0.015, and 0.02 M. This curve was 
used in the following equation after Weil et al. (2003): 
POX-C (mg kg-1 soil) = [0.02 molL-1-(a+b×Abs) × (9000 mg Cmol-1) × (0.02 L solution wt-1) 
Where:  
0.02 mol L-1= initial concentration 
a= intercept of the standard curve 
b= slope of the standard curve 
Abs= Absorbance of unknown sample 
9000= milligrams of carbon dioxide by 1 mole of MnO4 changing from Mn7+  Mn4+ 
0.02 L= volume of stock solution reacted 
wt= weight of air dried soil in kg  
Soils monitoring 
Soil moisture and soil temperature were monitored continuously at each site 
(beginning in 2009 at IL and 2012 in KY, NE, NJ, and VA). Em5b data loggers (Decagon 
Devices) were installed at each site, accompanied by 10HS Moisture Sensors. Moisture 
sensors determined volumetric water content by measuring dielectric permittivity of the 
soil between capacitor electrodes (Decagon Devices, 2010). Sensors measured conditions 
at depths of 10, 30, and 50 cm. Measurements were recorded and stored on an hourly basis.  
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Nitrate leaching  
Resin lysimeters, following the design of Susfalk and Johnson (2002) and as used by 
McIsaac et al. (2010), Behnke et al. (2012), and Smith et al. (2013) were installed to 
measure nitrate and ammonium leaching at each of the sites. Cation/anion exchange resin 
was sealed between two nylon screens inside a one-inch PVC pipe, held together by a PVC 
inset on one end and a coupling on the other. A 5 cm sand layer was placed on the upper 
side of the lysimeter, and a 1 cm layer was placed on the bottom side. The sand layers were 
put in place to avoid contamination through direct contact of the resin with the soil. Resin 
lysimeters were installed at a depth of 50 cm in all twelve plots of the Illinois site in the 
spring of 2009, and at the Kentucky, Nebraska, New Jersey, and Virginia sites in the spring 
of 2012. A hole was dug to 60 cm and the side of the soil profile was carefully excavated to 
fit the lysimeter tightly, flush with the top of the excavated hole. Two lysimeters were 
placed in each hole on opposing sides, and two holes were excavated in each plot. The holes 
were then filled back in, roughly returning the horizons of the excavated soil profile to their 
original position. The lysimeters were left in the soil for one year, and were replaced with 
newly made lysimeters upon retrieval. The resin from each lysimeter was processed in the 
lab using the extractable inorganic N protocol previously described, and was analyzed for 
NH4-N and NO3-N colorimetrically on a Lachat Quikchem FIA 8000 series. Lysimeters were 
installed at the KY, NE, NJ, and VA sites in March, 2012, and were sampled between March 
and May of 2013. 
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Statistical analysis 
 Statistical Analyses were performed using SAS v9.2 (SAS Institute Inc., 2011). Soil 
measurements were compared using means in pairwise t tests through Fisher’s least 
significant difference procedure. Significance between treatments was measured at an α = 
0.05. Data was checked for normality before evaluating statistical significance. All data was 
found to be normal except inorganic N leaching data (from the resin lysimeters). Nitrogen 
leaching data was normalized through a log transformation before statistical analysis was 
performed.  
Results 
Growing site conditions 
Weather data were collected from the National Climatic Data Center, using data 
from nearby weather stations (Tables 1, 2). Stations were no more than 16 km from the site 
locations. Since 2009 the Kentucky, New Jersey, and Virginia sites have received more 
rainfall during the growing season than the Illinois, and Nebraska sites. Three hurricanes 
have affected the New Jersey site since 2008, with Hurricane Irene making landfall in 
August 2011 and contributing the single largest monthly precipitation total, 530 mm of 
rainfall (Table 2). The 30 year normal for the NJ site in August is 104 mm.  
Drought conditions were seen at every site by August 2012 according to the USDA 
drought monitor (2012). Slight drought conditions were observed in Kentucky, New Jersey, 
and Virginia. Extreme drought conditions were observed in Illinois and Nebraska. 
Precipitation totals during the growing season (April-September) at Illinois and Nebraska 
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were 183 and 223 mm below their respective 30 year normals (Table 2). Temperatures 
were also greater than normal during the growing season of 2012 (Table 1). Both Illinois 
and Nebraska had a steady decline in soil moisture during the growing season with fewer 
changes from rainfall compared to the other three sites (Figure 6). However, the lowest 
water contents were seen in Illinois and Virginia, at a depth of 0-10 cm. Both of these sites 
had < 20% volumetric water content, 14.5 and 17.2% respectively. The Nebraska site 
steadily declined through the summer of 2012, but did not decrease below 26.8% 
volumetric water content at a depth of 0-10 cm. This was the greatest of the minimum 
moisture values measured among the five sites. The 2013 soil moisture measurements 
were greater overall throughout the year, and were consistent with precipitation data. 
Every site had greater than 30 year normal precipitation in the spring of 2013. By August 
2013, Illinois and Nebraska were both under moderate drought conditions, and reached 
minimum volumetric water contents of 28 and 17%, at a depth of 0-10 cm. 
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Table 1. Total monthly precipitation (mm) at each site from 2008-2013.
Precipitation (mm)
IL KY
Month 2008 2009 2010 2011 2012 2013 30- Year normal 2008 2009 2010 2011 2012 2013 30- Year normal
January 54 6 24 22 71 61 52 112 110 77 52 90 113 81
February 114 44 26 61 44 67 51 146 65 41 158 79 39 81
March 79 77 71 40 46 20 70 165 61 29 119 112 136 103
April 58 172 67 179 69 169 96 152 122 59 323 59 124 91
May 139 118 75 108 48 100 116 112 153 253 164 92 144 134
June 181 85 212 87 51 102 106 91 132 117 81 41 192 113
July 176 139 98 21 0 110 75 192 154 125 204 118
August 19 108 86 38 174 92 55 115 15 92 55 83
September 186 42 42 66 77 83 36 150 16 152 138 74
October 73 188 25 60 101 80 39 147 32 112 33 80
November 29 97 95 124 28 89 64 24 113 195 45 90
December 107 78 48 68 55 64 153 102 64 113 167 100
Annual 1215 1154 868 874 763 519 1009 1202 1373 968 1686 1112 747 1148
NE NJ
2008 2009 2010 2011 2012 2013 30- Year normal 2008 2009 2010 2011 2012 2013 30- Year normal
January 6 7 23 20 2 11 14 54 75 64 99 38 69 89
February 10 12 17 5 47 11 17 125 11 147 88 34 94 71
March 17 8 41 15 16 33 45 86 56 266 98 23 62 109
April 127 42 102 82 71 92 72 65 140 58 120 124 54 106
May 151 35 68 193 98 163 108 117 115 77 89 127 197 94
June 251 159 250 141 107 119 116 85 196 59 134 69 119 101
July 95 83 183 84 7 89 160 92 98 78 164 128
August 26 169 79 139 23 94 60 116 56 530 86 104
September 110 40 133 23 30 80 182 95 112 72 72 100
October 129 109 6 21 35 53 56 103 57 99 123 93
November 45 0 49 36 6 38 97 48 84 134 49 93
December 30 67 14 36 27 22 183 214 69 103 173 103
Annual 997 731 966 796 468 429 748 1269 1261 1147 1643 1082 594 1191
VA
2008 2009 2010 2011 2012 2013 30- Year normal
January 23 103 189 60 60 232 96
February 59 35 82 27 26 53 76
March 65 105 134 106 147 73 103
April 161 84 44 106 90 95 90
May 134 166 133 125 85 120 103
June 57 120 61 50 102 187 95
July 105 107 87 57 114 114
August 123 184 124 63 50 97
September 89 56 137 173 125 113
October 64 67 89 87 70 84
November 87 234 70 144 11 91
December 115 163 64 76 99 87
Annual 1083 1424 1214 1074 978 760 1149
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Table 2. Average monthly minimum and maximum temperatures (C) for all sites, 2008-
2013. 
Average minimum (⁰C) Average maximum (⁰C)
IL
Month 2008 2009 2010 2011 2012 2013 30- Year normal 2008 2009 2010 2011 2012 2013 30- Year normal
January -9 -12 -10 -10 -5 -7 -8 2 -1 -3 -2 6 3 1
February -8 -6 -8 -5 -3 -5 -6 1 4 -1 4 7 3 3
March -2 0 1 1 7 -3 -1 9 13 14 11 21 6 10
April 5 5 7 6 6 5 4 17 16 22 18 20 18 18
May 9 10 12 12 13 12 11 21 23 25 24 28 24 24
June 16 17 17 18 16 17 16 29 28 29 29 30 28 29
July 14 15 20 21 20 17 18 29 26 31 32 34 27 29
August 15 14 18 16 15 16 28 26 31 30 30 28
September 7 13 11 10 11 12 24 24 26 23 24 26
October 6 5 5 4 5 6 20 15 21 20 17 19
November -1 2 -1 2 0 0 8 13 12 12 11 11
December -8 -7 -10 -2 -2 -6 1 1 -1 6 5 3
Mean 4 5 5 6 7 5 5 16 16 17 17 19 16 4
KY
2008 2009 2010 2011 2012 2013 30- Year normal 2008 2009 2010 2011 2012 2013 30- Year normal
January -4 -7 -6 -6 -3 -2 -4 5 3 2 2 9 6 5
February -3 -2 -6 -2 0 -3 -2 6 8 2 9 10 7 8
March 1 3 3 3 8 -1 2 12 14 13 13 19 9 13
April 7 7 8 9 7 7 7 18 19 22 20 20 19 19
May 11 13 14 13 14 14 12 22 23 24 23 27 24 24
June 17 18 20 17 15 18 17 29 28 30 28 30 29 28
July 18 18 20 21 20 20 19 30 27 31 32 33 29 30
August 17 18 19 18 17 18 30 28 32 30 30 30
September 15 16 14 14 13 14 28 25 29 24 25 26
October 7 7 7 7 0 8 21 17 22 19 17 20
November 1 4 2 5 0 3 11 14 14 15 12 13
December -3 -2 -6 0 0 -2 8 6 1 9 9 7
Mean 7 8 8 8 8 7 8 18 18 19 19 20 18 18
NE
2008 2009 2010 2011 2012 2013 30- Year normal 2008 2009 2010 2011 2012 2013 30- Year normal
January -13 -12 -13 -14 -8 -10 -11 -2 1 -5 -3 6 1 1
February -12 -9 -12 -10 -8 -9 -9 -1 6 -3 2 5 3 3
March -5 -4 -1 -3 4 -6 -3 10 11 10 10 21 6 10
April 1 2 5 3 5 0 3 13 17 20 17 20 14 17
May 8 9 9 9 11 9 10 22 24 22 23 26 22 23
June 15 15 16 16 16 15 15 28 27 28 28 30 27 28
July 17 15 19 21 19 8 18 30 27 30 32 35 15 30
August 15 14 17 17 14 16 29 27 31 29 32 29
September 10 10 11 8 8 11 25 24 25 23 27 25
October 4 2 4 4 0 4 18 12 21 21 17 18
November -2 -1 -4 -4 0 -3 10 13 10 11 13 10
December -11 -13 -10 -8 0 -9 0 -3 1 4 3 2
Mean 2 2 3 3 5 1 3 15 16 16 16 20 13 16
NJ
2008 2009 2010 2011 2012 2013 30- Year normal 2008 2009 2010 2011 2012 2013 30- Year normal
January -4 -7 -5 -7 -3 -5 -5 7 2 4 3 8 4 4
February -4 -3 -4 -2 -1 -2 -4 9 8 4 10 10 8 6
March -1 -1 2 2 5 3 0 11 10 13 12 18 15 11
April 5 6 7 8 9 7 5 18 17 20 20 21 19 17
May 7 11 12 15 14 14 10 21 22 24 26 25 26 22
June 15 15 17 17 18 21 16 29 24 30 28 31 31 27
July 17 16 20 20 20 2 19 31 28 32 32 30 3 30
August 14 19 18 17 16 18 29 30 30 27 28 29
September 13 13 14 13 10 13 25 24 27 23 22 25
October 6 6 7 4 0 7 18 17 19 17 14 19
November 2 6 2 3 0 3 12 15 13 14 11 13
December -2 -3 -5 -2 0 -3 9 7 4 9 8 7
Mean 6 6 7 7 7 6 6 18 17 18 19 19 15 17
VA
2008 2009 2010 2011 2012 2013 30- Year normal 2008 2009 2010 2011 2012 2013 30- Year normal
January -6 -6 -6 -6 -4 -3 -5 8 7 7 7 10 9 8
February -3 -5 -6 -4 -4 -5 -4 12 12 5 12 12 8 10
March -1 0 0 0 4 -3 -1 16 13 15 15 20 11 15
April 5 3 4 7 5 4 4 19 21 23 21 20 20 20
May 9 11 12 11 13 9 9 24 24 25 24 25 22 24
June 15 16 17 16 13 16 15 31 28 31 30 28 27 28
July 17 15 18 18 19 20 17 30 28 31 32 32 29 30
August 15 18 19 17 17 16 29 29 30 31 29 30
September 14 13 13 14 12 12 25 24 28 25 26 26
October 4 5 6 5 0 5 20 19 22 20 20 21
November 0 2 -2 1 0 0 13 16 15 17 13 15
December -2 -5 -6 -2 0 -4 10 8 5 12 12 10
Mean 6 6 6 6 6 5 5 20 19 20 21 21 18 20
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Figure 6. Percent volumetric soil water content and millimeters of precipitation for 2012-2013.
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Yield and biomass 
 Yields varied among sites, but higher yields were observed on Nebraska’s more 
productive Mollisol. The Nebraska site had the largest biomass production among the five 
sites (2010-2012) with a maximum biomass of 31.2 Mg ha-1 in 2011 (Table 3). Maximum 
biomasses for Illinois, Kentucky, and New Jersey were also found in 2011, reaching values 
of 23.0, 21.9, 18.8 Mg ha-1 respectively. Virginia’s maximum biomass yield was measured in 
2012 at 17.0 Mg ha-1. Lowest values were observed during initial planning year. All of the 
sites had their largest biomass production during the 2011 growing season. Biomass 
production in 2012 was less than 2011 across all sites and fertilizer treatments. Illinois had 
the largest decrease from averaging 23.0 Mg ha-1 in 2011 to 10.0 Mg ha-1 in 2012. Biomass 
yield differences were not significant across all sites and fertilizer treatments from 2009-
2011 (p > 0.05). In 2012 yield at the Illinois site was found to be significantly greater (p < 
0.05) in the 60 and 120 kg N ha-1 fertilizer treatments compared to the 0 kg N ha-1 fertilizer.  
Nitrogen mineralization 
Changes in potential N mineralization were consistent across all of the sites (Figure 
7). There were no significant differences found across the fertilizer application rates at any 
site (p > 0.05). In 2008 there was significantly more potential mineralizable N in the 10-30 
cm sampling depth compared to the 0-10 cm sampling depth (p < 0.05). By 2012 
significantly more potential mineralizable N (p < 0.05) was found in the 0-10 cm samples 
compared to the 10-30 cm samples. Nebraska had the greatest amount of potential 
mineralizable N in 2008 and 2012 at both depths. The 0-10 cm increased from 30.1 to 59.0 
mg N kg-1, and 10-30 cm decreased from 54 to 52 mg N kg-1. The Kentucky site had the 
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greatest increase in potential mineralizable carbon from 8.4 to 46.5. The Virginia site 
recorded the lowest 10-30 cm value of 18.3 mg N kg-1. In 2012 there were significant 
increases in potential mineralizable N (p < 0.05) at 0-10 cm compared to the 2008 samples 
at each site. There were no significant changes found from samples taken from a depth of 
10-30 cm at any site (p > 0.05); however, all of the sites showed a decreasing trend at the 
10-30 cm depth.
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Table 3. Average biomass yields by treatment (with standard errors). Different letters 
denote significant difference across fertilizer treatments among sites within years (p < 
0.05).  
Site Year
0 60 120
Illinois 2009 1.1 (0.4) 4.1 (1.9) 4 (1.1)
2010 14.9 (1.5) 15.8 (0.9) 17 (0.7)
2011 17.3 (1.8) 23 (0.7) 21.5 (3.4)
2012 5.8 (0.5)b 12.3 (1.0)a 11.9 (0.6)a
Kentucky 2009 16.7 17.5 16.9
2010 12.8 13.2 13.6
2011 21.9 (2.3) 17 (1.3) 18.2 (1.4)
2012 13.7 (1.0) 13.4 (0.4) 11.4 (0.5)
Nebraska 2009 15.7 15.9 15.2
2010 27 27.8 27.4
2011 31.6 (1.8) 28 (0.7) 34 (3.6)
2012 23.9 (0.8) 23.4 (1.4) 23.8 (0.5)
New Jersey 2009 12.2 14.3 13.8
2010 11.6 11.7 10.7
2011 18.8 (1.2) 18.8 (1.7) 18.3 (3.3)
2012 14 (1.7) 16.9 (2.9) 16.9 (2.9)
Virginia 2011 8.4 (0.6) 9.8 (0.3) 10 (0.7)
2012 16.3 (1.1) 16.7 (0.5) 17 (0.9)
Treatment kg N ha-1
Mean Yields in Dry Mg ha-1
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Figure 7. Average potential mineralizable N at soil depths of 0-10 cm and 10-30 cm in 2008 and 2012. Error bars represent ± 
the standard error. * denotes a statistical difference between 2008 and 2012. 
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Permanganate oxidizable carbon 
Permanganate oxidizable carbon was used to evaluate short-term changes in soil C 
at each site, using the same soil samples as for N mineralization. Differences across time 
were found at a depth of 0-10 cm at all four sites, Illinois, Kentucky, Nebraska, and New 
Jersey (Figure 8). No significant difference was found among fertilizer treatments at any 
site in both the 2008 and 2012. The Illinois and New Jersey sites were found to have a 
significant increase (p < 0.05) in POX-C at the 0-10 cm depth from 2008 to 2012. Illinois 
and New Jersey increased from 280 to 321 mg POX-C kg-1 and from 277 to 336 mg POX-C 
kg-1 respectively. The Kentucky and Nebraska sites were found to significantly decrease in 
POX-C (p < 0.05) at 0-10 cm from 2008-2012. Decreases were from 740 to 373 mg POX-C 
kg-1 at the Kentucky site, and from 932 to 500 mg POX-C kg-1 at the Nebraska site. There 
were no significant changes found at a depth of 10-30 cm in POX-C at any of the sites. 
Total carbon and nitrogen 
 Soil total C and N were analyzed for differences in time and across the fertilization 
gradient (Figure 9). The Kentucky, Nebraska, and New Jersey sites showed no significant 
differences across the fertilizer application gradient in both the pre-establishment samples 
(2008), and the post-establishment samples (2012). At the Illinois site there was 
significantly more total C and N in the 0 and 60 kg N ha-1 fertilizer treatment compared to 
the 120 kg N ha-1. This significance did not change from the 2008 samples to the 2012 
samples. Overall, there were some changes in total C and N at a depth of 0-10 cm, but no 
changes from samples collected at a depth of 10-30 cm. Changes were not uniform across 
sites or analysis type.  
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At the 0-10 cm soil depth, total C was found to significantly decrease at the Kentucky 
and Nebraska sites, and significantly increase at the Illinois and New Jersey sites. Similarly 
to total C, total N significantly decreased at the Kentucky and Nebraska sites from 0-10 cm 
(Figure 10). However, total N at the Illinois and New Jersey sites were not found to be 
significant over time at any depth. Total N seems to be trending to an increase from 0-10 
cm, but is not yet significant.
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Figure 8. POX-C at depths of 0-10 cm and 10-30 cm. Error bars represent ± the standard error.* denotes a statistical difference 
between 2008 and 2012. 
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Figure 9. Total C at depths of 0-10 cm and 10-30 cm. Error bars represent ± the standard error. * denotes a statistical 
difference between 2008 and 2012. 
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Figure 10. Total N at depths of 0-10 cm and 10-30 cm Error bars represent ± the standard error.* denotes a statistical 
difference between 2008 and 2012.
36 
 
Inorganic nitrogen leaching 
At the Illinois site nitrate leaching significantly increased (p < 0.05) with fertilization 
rate, with the exception of the initial planting year of 2009-2010 (Figure 11). The 
unfertilized plots annual nitrate loss decreased through time from 7.1 to 0.8 kg N ha-1 yr-1. 
There was no trend in ammonium for the unfertilized plots, and it ranged from 1.3 to 20.7 
kg N ha-1 yr-1. The majority of inorganic N leached from the fertilized plots was in the form 
of nitrate. Ammonium was little of the total inorganic N leached in the fertilized plots (< 7.1 
kg N ha-1 yr-1), except for the 2011-2012 season. The 120 kg N ha-1 fertilized plots (18.55 kg 
N ha-1 yr-1) were significantly greater (p < 0.05) than the 0 kg N ha-1 fertilized plots (2.2 kg 
N ha-1 yr-1). The 60 kg N ha-1 fertilized plots (10.1 kg N ha-1 yr-1) was statistically the same 
(p < 0.05) as both the 0 and 120 kg N ha-1 fertilized plots. 
Lysimeters were installed at the remainder of the sites in 2012 and recovered in 
2013 (Figure 12). The greatest nitrate leaching in 2012-2013 was observed in Nebraska 
(38.2 kg N ha-1 yr-1) and Illinois (35.1 kg N ha-1 yr-1). Both of these sites had significantly 
higher nitrate leaching rates in the fertilized plots compared to the unfertilized plots. At the 
Illinois site there were significant differences (p < 0.05) among all three treatments. At the 
Nebraska site nitrate leaching from the 60 and 120 kg N ha-1 yr-1 plots were statistically the 
same (p > 0.05), but both fertilized plots were significantly greater (p < 0.05) than the 
unfertilized plots . The New Jersey site followed the same trend as the Nebraska site, but at 
a lower leaching rate. The Virginia site had more nitrate leaching in the 120 kg N ha-1 yr-1 
plots (8.7 kg N ha-1 yr-1) compared to the 0 (0.9 kg N ha-1 yr-1) and 60 kg N ha-1 yr-1 (2.1 kg N 
ha-1 yr-1) The Kentucky site was analyzed as two different locations because of much higher 
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leaching rates on the northern plots (6.7 to 13.5 kg N ha-1 yr-1 ) compared to the southern 
plots (0.4 to 1.0 kg N ha-1 yr-1 ) . The Kentucky site is split on the landscape (Figure 2), and 
the north location had significantly greater N leaching. These plots are on the summit of the 
landscape, whereas the southern plots are on a back slope position. Greater N leaching at 
the northern site is likely related to water table height. The water table is higher on the 
southern plots, which are lower on the landscape compare to the northern plots. The lower 
water table at the northern plots would allow for more water to leach through at 50 cm. 
The northern plots at this site show no statistical difference (p > 0.05) among fertilizer 
treatments for nitrate leaching. The southern plots had less nitrate leaching than the 
northern plots, but nitrate leaching was greater in the fertilized plots compare to the 
unfertilized plots (Figure 12). Ammonium rates were lower than nitrate, and showed 
relatively little significance among sites.  
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Discussion 
Soil moisture 
Soil moisture content was affected by precipitation events and amounts. Summer 2012 soil 
moisture contents were lower at every site compared to summer 2013 data. However, 
precipitation was not the only factor driving soil moisture content. Surface soil textures 
defined minimum percent volumetric soil moisture. Illinois, New Jersey, and Virginia all 
share sandy loam (SL) soil textures from 0-10 cm. These three sites reached minimum 
moisture contents of 14.5, 20.6, and 17.2% respectively. The Kentucky site has a silt loam 
(SiL) texture from 0-10 cm, and reached a minimum soil moisture content of 22.5%. The 
Nebraska site received the least amount of soil moisture in 2012, but retained the greatest 
soil moisture content. The Nebraska site’s 0-10 cm soil texture is a silty clay loam (SiCL) 
reached a minimum soil moisture content of 26.8%. The higher clay content at the surface 
of the Nebraska site is able to hold more water, allowing for a greater range in plant 
available water compared to the sandier sites. However, these clay particles hold greater 
percentage water that is not accessible to the plant compared to the sandier sites. 
Biomass yield 
Biomass yields varied from site to site, and the highest yields were observed on the 
most productive Mollisols in Nebraska. Illinois, Kentucky, New Jersey, and Virginia all 
yielded similar biomass amounts ranging from 11 to 23 Mg ha-1. The observed yield 
difference at the Illinois site was likely due to adverse climatic conditions. Miscanthus x 
giganteus emerged very early in 2012, March, and was 30 cm by the beginning of April. On 
April 6th M. x giganteus was completely killed back by a late frost. Following the frost in 
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April, the Illinois site slipped into drought conditions in late spring. Drought conditions 
worsened through the summer and by late summer the Illinois site was considered to be in 
an extreme drought. Upon harvest, the 60 and 120 kg N ha-1 plots yielded greater amounts 
compared to the 0 kg N ha-1. Emergence requires a great deal of root and rhizomatous 
nutrients in perennial systems. The 0 kg N ha-1 plots were at a disadvantage, having to 
emerge twice without any supplemental N. The drought that followed continued to harm 
the 0 kg N ha-1 plots, and yields were smaller as a result.  
Soil organic matter 
Soil organic matter (SOM) was measured as total C and N and also as labile C and N. 
Many of the changes that were determined following four years of M. x giganteus growth 
were in the labile form, and were dependent on the prior history of the site. All of the 
changes found were in samples taken at a depth from 0-10 cm. Samples taken at a depth of 
10-30 cm were not found to change in any of the SOM measurements.  
Changes in total C and POX-C mirrored one another at the 0-10 cm soil depth for 
each site (Figures 8, 9). Significant increases were found at the Illinois and New Jersey sites, 
and significant decreases were found at the Nebraska and Kentucky sites in both 
measurements at this soil depth. The sites that increased in soil C have similar site 
histories. Both of these sites were in crop types where the soil was mostly tilled on a yearly 
basis. The Illinois site was historically in a corn and soybean rotation, with the year before 
planting left fallow. The New Jersey site was rotated with soybean and turf in the four years 
prior to planting. Both labile and total C increased at these sites after five years of M. x 
giganteus growth regardless of the fertilizer application. Miscanthus x giganteus’ extensive 
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rhizomatous root structure has allowed for C, which was historically oxidized upon tilling, 
to now remain in the soil. The Illinois and New Jersey sites were both lower in POX-C and 
total C at the initial sample than the Nebraska and Kentucky sites. If these sites are allowed 
to continue in M. x giganteus changes may be seen in deeper depths as more root masses 
continue to work on the soil. Kentucky and Nebraska had measured decreases from 2008 
to 2012 in both total C and POX-C for the 0-10 cm soil depth. This decrease is also likely due 
to the sites previous history. Both of these sites were previously in turf grasses and 
received large annual inputs of fertilizer. The Kentucky site was previously in 
Bremudagrass for five years prior to 2008 that received 196 kg N ha-1 a year. The Nebraska 
site was in a highly managed experimental golf fairway for ten years prior to initial 
planting. The decrease in both total and labile carbon is likely a result of breaking sod to 
plant M. x giganteus in 2008. Little disturbance in years prior to 2008, along with the help 
of sod forming plants, allowed for large amounts of C to be held in the soils. Five years later, 
C has significantly decreased, but as M. x giganteus continues to establish greater root 
systems these sites will likely level off in terms of total and labile C and eventually rebound 
to higher levels (Heaton et al., 2008). 
There were few changes in soil total N concentrations. The turfgrass sites (Kentucky 
and Nebraska) both had decreases in total N concentrations in the 0-10 cm soil depth. This 
again was likely due to the initial disturbance in 2008. The other sites were trending 
upwards in total N concentrations at the 0-10 cm depth, but were not yet significantly 
different. Each site had an increase in soil potential N mineralization at the 0-10 cm depth. 
Miscanthus x giganteus has been found to increase potential N mineralization compared to 
other prospective perennial biofuels, switchgrass, and to a traditional corn-soybean 
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rotation (Davis et al., 2013). This increase was found regardless of site history and negative 
soil organic carbon changes. The driver increasing potential N mineralization is not known. 
Miscanthus x giganteus’ produces large amounts of underground biomass and these roots 
and rhizomes could be playing a role in the increasing potentially mineralizable N, but 
more research on this is needed.  
Nitrogen leaching 
Nitrate leaching results at the Illinois site build on conclusions found by Behnke et 
al. (2012) who suggested as M. x giganteus continued to establish there would be greater N 
retention as determined by reduced leaching losses of inorganic N. Work done by Christian 
and Riche (1998) found a rapid decrease in nitrate leaching in years after planting 
disturbance under unfertilized M. x giganteus, and our data supports their conclusions. 
Nitrate leaching from the unfertilized plots has decreased each year since planting, and 0 
kg N ha-1 values are similar to established unfertilized leaching values found in McIsaac et 
al. (2010) and Smith et al. (2013), however the fertilized plots did not follow this trend. The 
total amount of N leached at 50 cm from the fertilized plots varied each year, and this was 
likely due to the amount and timing of precipitation. There was significantly greater N 
leaching with increasing fertilizer treatments. The 120 kg N ha-1 yr-1 plots have continued 
to meet or exceed the nitrate leaching in the corn-soybean rotation measured by McIsaac et 
al. (2010) and Smith et al. (2013). Ammonium at the Illinois site was minimal compare to 
nitrate in the fertilized plots, but with establishment has become more significant. 
Ammonium leaching from 2012-2013 in the unfertilized plots was 4.1 kg N ha-1 yr-1, and 
nitrate was only 0.8 kg N ha-1 yr-1. McIsaac et al. (2010) found similar results. Ammonium is 
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not as easily leached from the soil system because of its attraction to soil’s negative charge. 
Therefore, ammonium leaching rates are similar each year. Sandier soils, like the Illinois 
site, leached a greater amount of ammonium from the soil system. Sandier soils have a 
lower cation exchange capacity and have the potential to hold on to fewer ammonium 
molecules. 
Inorganic N leaching varied at each of the other four sites during 2012-2013, 
ranging from 1.6 to 10.2 kg N ha-1 yr-1 in the unfertilized plots, and from 3.2 to 39.6 kg N ha-
1 yr-1 in the unfertilized plots. This variation is likely due to soil type and site position. The 
Nebraska site was found to have the greatest N leaching across the five sites, leaching 39.6 
kg N ha-1 yr-1 total inorganic N. Like Illinois, Nebraska’s fertilized plots exceeded N leaching 
rates of the corn soybean plots measured by McIsaac et al. (2010) and Smith et al. (2013). 
Nitrate leaching made up the majority of the total inorganic N leaching, and this leaching 
increased with increasing N fertilization applications. The Illinois and Nebraska site receive 
the least annual precipitation of the five sites, but all of the sites received comparable 
precipitation early in the growing season (after fertilizer application but when the plant is 
still in early growth development). David et al. (1997) found the majority of N leaching in 
corn soybean rotations is in early months of crop growth. The Kentucky and New Jersey 
sites leached similar amounts of inorganic N. Leaching rates at the New Jersey site were 
significantly greater (p < 0.05) on fertilized plots compared to unfertilized plots, but 
leaching rates did not increase from the 60 to 120 kg N ha-1 yr-1 fertilizer treatments. The 
Virginia site had the least total inorganic N leaching under fertilized conditions, only 
leaching 2.7 kg N ha-1 yr-1. At the Virginia site the 120 kg ha-1 fertilizer had significantly 
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greater (p < 0.05) leaching of nitrate than the 0 and 60 kg N ha-1 treatments. The 0 and 60 
kg N ha-1 treatments were found to be statistically the same (p > 0.05).  
Soil type most likely played the largest role in the amount of N leached. Both of the 
Mollisols (Illinois and Nebraska) had the greater nitrate leaching, with the Ultisol (Virginia) 
having the least. At the Illinois site there has been a reduction in nitrate leaching in the 
unfertilized plots every year since initial disturbance. The 120 kg N ha-1 treatment had the 
greatest nitrate leaching at each of the five locations. These nitrate leaching values have not 
decreased as M. x giganteus has become established. However, resin lysimeters were 
placed at a depth of 50 cm, and roots of M. x giganteus are capable of establishing deeper 
than 50 cm at all sites. It is likely there is additional plant uptake deeper than 50 cm, and 
this could improve M. x giganteus’ overall inorganic N retention.  
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CHAPTER 3: GREENHOUSE GAS EMISSIONS 
Introduction 
 Greenhouse gases (GHGs) have been well established to be a contributor to global 
climate change (IPCC, 2007). Carbon dioxide dominates global anthropogenic GHGs, 
representing 76.7% of total human induced emissions (IPCC, 2007). Prior to the mass 
mining of fossil fuels and drastic land use change by humans, the C cycle was considered to 
be fairly balanced (IPCC, 2007). Plant growth offset plant and soil respiration keeping 
levels of CO2 balanced. Since the extraction of fossil fuels, the energy and industry sectors 
have become the largest contributors to greenhouse gas emissions. Emissions from these 
sectors are releasing primarily CO2. Agriculture, forestry, water treatment, and residential 
and commercial buildings are also major contributors to total greenhouse gas emissions. 
Agriculture is responsible for a majority of modern land use change, as a result of 
continuous planting, harvesting, and tilling of the soil. These practices induce greater soil 
respiration and consequently CO2 emissions. 
Nitrous oxide is not as large of a contributor to overall GHGs as CO2, but N2O has 
been estimated to be about 310 times more powerful GHG than CO2 (Ravishankara et al., 
2009; Kroeze et al., 1999). Agriculture is responsible for the majority of N2O released into 
the atmosphere. Nitrous oxide emissions have been increasing since the industrial 
revolution, and agriculture is responsible for 70% of this increase. Greater emissions are 
reflective of an 800% increase use in N fertilizer (Fixen and West, 2002). Nitrous oxide is 
released into the atmosphere through the nitrification and denitrification. The rates of 
nitrification and denitrification are increased when N is readily available in the soil. Both 
nitrification and denitrification produce large fluxes of N2O under warm and moist soil 
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conditions (Aulakh et al., 1992). These conditions along with fertilizer application timing 
have significant implications to the magnitude of N2O release from soil (Phillips et al., 
2009). The Intergovernmental Panel on Climate Change (2007) reported that current 
agricultural systems are responsible for 13.5% of the total GHGs emitted every year. One of 
the goals of planting perennials for biofuels is to reduce the amount of N2O being released 
from agricultural fields.  
 Perennials like M. x giganteus have been found to reduce the amount of annual soil 
respiration (Christian et al., 2008). Behnke et al. (2012) found that CO2 emissions from M. x 
giganteus were smaller compared to other perennial grasses, and significantly less than 
conventional farming. Emissions measured by Behnke et al. (2012) were likely smaller 
because M. x giganteus was still establishing and still building SOM. Miscanthus x giganteus 
has also been modeled to have the potential to reduce CO2 emissions compared to 
conventional agriculture and possibly sequester C in the long term (Davis et al., 2010).  
 Nitrous oxide emissions from M. x giganteus have also been documented in the 
literature. Many aspects of the N cycle have been studied in M. x giganteus including direct 
N2O measurements and N isotope studies. Christian et al. (2008), Behnke et al. (2012), and 
Smith et al. (2013) found large N2O fluxes from the initial planting year, but then reductions 
of emissions with establishment. Emissions have also been measured under fertilized M. x 
giganteus, but M. x giganteus has yet to show a significant yield response to N fertilizer 
application (Christian et al., 2008; Behnke et al., 2012; Maughan et al., 2012). Although 
there has been no observed yield increase from fertilizer treatment, Behnke et al. (2012) 
reported significantly greater N2O emissions from fertilized plots. Due to no yield response 
and increased N2O emissions from fertilized plots, it is likely future M. x giganteus stands 
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will not be fertilized during establishment if this lack of response continues to be observed. 
Nitrogen is being removed from the soil system in the form of biomass, so future work on 
fertilizer applications under established stands are still needed. Furthermore, the majority 
of the work completed on fertilized M. x giganteus has been on prime agricultural soils. 
Christian et al. (2008) suggests less fertile soils may need some N application for maximum 
yields, and emphasizes the need for more research on the effects of fertilization timing.  
Isotope studies have also been completed to help determine the fate of N within a M. 
x giganteus system. Christian et al. (2006) found only 38-65% of 15N-labeled fertilizer was 
recovered by M. x giganteus, and the group assumed some of the 15N-labeled fertilizer was 
lost through N2O emissions. Even with these documented leaks in the soil N system, fluxes 
of N2O are minimal and not an environmental concern under unfertilized M. x giganteus 
(Jogensen et al. 1997, Behnke et al. 2012).  
Objectives 
The main objective of this study was to make detailed measurements of N2O and CO2 
gas emissions in M. x giganteus stands across fertilization rates at the Illinois site. This 
continues the work begun by Behnke et al. (2012). During the first two years of 
establishment Behnke et al. (2012) found increased N2O emissions from fertilized plots, but 
found no effect on CO2 due to fertilizer treatment. By continuing to measure N2O and CO2 
gas emissions I hope to provide a complete analysis of emissions from planting through 
establishment. 
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Materials and Methods 
Nitrous oxide sampling and analysis 
Nitrous oxide (N2O) gas samples were taken year round from 2009-2013. Sampling 
was done more frequently in spring and summer months when fluxes were greater with 
increased variation. The greenhouse gas reduction though agricultural carbon 
enhancement network (GRACEnet) procedure developed by the USDA Trace Gas Protocol 
Development Committee was used as a protocol for all N2O measurements. Two beveled 
polyvinyl chloride (PVC) rings were placed between rows of M. x giganteus in each of the 
12 plots to serve as chamber bottoms. These rings were hammered approximately 5 cm 
into the soil surface, leaving approximately 10 cm above the soil surface. Rings were placed 
in early spring, at least 48 hours prior to the first sampling session of the year. Rings were 
left in place for the entire sampling season. White PVC end caps were modified with 20 mm 
Pharma-Fix® Butyl septa and vent tubes to serve as ventilated chamber tops. Insulation 
foam and rubber flaps at the base of the chambers created an airtight seal with the ring 
bottoms.  
Nitrous oxide fluxes were measured from 10:30 AM to 12:30 AM when soil 
temperatures are typically near average for the day. Before sampling, four ring offset 
measurements were recorded for volume calculations. The base ring volume was added to 
the chamber top volume to obtain total volume. This was done for each ring at each 
sampling time point. Headspaces were then used respectively to calculate fluxes for each 
ring. Nitrous oxide samples were taken by sealing chamber tops to ring bases and sampling 
15 ml of air at 0, 10, 20, and 30 min intervals from the septa top, using a 20 ml 
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PrecisionGlide® needle syringe. Samples were then injected into 10 ml vials to be 
processed on a Shimadzu® gas chromatograph (GC-2014), equipped with a Shimadzu® auto 
sampler (AOC-5000 plus). Standards were made in the laboratory and run prior to field 
samples. These standards were prepared using Scott Specialty Gas®, and included 0.10, 
0.32, 0.69, 1.05, and 2.12 ppm N2O. Standard sets associated with samples following N 
fertilization periods also included standards of 3.87 and 5.54 ppm N2O. These standards 
were included to accommodate higher fluxes taken in the field and to obtain a more 
accurate standard regression line. The regression coefficients obtained from N2O-N 
concentrations against sampling time were used to calculate nitrous oxide fluxes.  
Carbon dioxide sampling and analysis 
 Carbon dioxide was measured using a LI-COR® LI-8100 Automated Soil CO2 Flux 
System. Carbon dioxide measurements were taken during the same sampling period as 
N2O. The LI-COR® was placed on the same ring bottoms described in the previous N2O 
methods section. The LI-COR® measured fluxes every 10 seconds for 90 seconds. The final 
CO2 flux was recorded from the LI-COR® in the field. The LI-COR® communicated with a Wi-
Fi card to and 4th generation iPod® touch through the LI-COR® application version 1.0.0. 
The average of the two rings was used to represent a single flux value for the plot. The LI-
COR® also measured soil temperature at 10 cm.   
Cumulative flux analysis  
 Cumulative flux analysis was calculated on a yearly basis for both N2O and CO2. Daily 
fluxes were calculated for sampling dates by taking the hourly rate and multiplying it by 24. 
Missing days were calculated by linearly interpolating between sampling dates. Daily fluxes 
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were then cumulated to obtain total N2O or CO2 on a yearly basis. SAS v 9.2 (SAS Institute 
Inc., 2011) was used for statistical calculations. Significant difference was calculated for 
cumulated daily fluxes using pairwise t tests through Fisher’s least significant difference 
procedure. Significance between treatments was measured at an α = 0.05. 
Results 
Nitrous oxide 
 Nitrous oxide fluxes varied from year to year, but large fluxes, more than 200 μg 
N2O-N m2 hr-1, were measured in the weeks following fertilization of the 60 and 120 kg N 
ha-1 plots (Figure 13). The unfertilized plots never exceeded fluxes of 100 μg N2O-N m2 hr-1. 
Cumulative fluxes in 2009 for the 0, 60, and 120 kg N ha-1 fertilizer treatments were 0.54, 
0.87, and 0.92 kg N ha-1 yr-1, respectively (Figure 14 and Table 4). The 120 kg N ha-1 
fertilized plots’ emissions were significantly greater (p < 0.05) than emissions the 0 kg N 
ha-1 plots. The 60 kg N ha-1 fertilized plots were statistically the same as both the 0 and 120 
kg N ha-1 plots. In 2010, cumulative fluxes increased in the 120 kg N ha-1 plots to 13.6 kg N 
ha-1 yr-1. Both the 0 and 60 kg N ha-1 plots decreased from 2009 to 0.33 and 0.76 kg N ha-1 
yr-1, respectively, and were significantly less (p < 0.05) than the 120 kg N ha-1 plots. 
Cumulative fluxes in 2011 significantly increased (p < 0.05) with increasing fertilizer 
treatments, and measured 0.10, 0.47, 1.08 kg N ha-1 yr-1 for 0, 60, and 120 kg N ha-1 
fertilizer treatments respectively. The highest cumulative fluxes in the 60 and 120 kg N ha-1 
fertilized plots were measured in 2012, 3.37 and 4.32 kg N ha-1 yr-1 respectively. These 
fluxes were significantly greater (p < 0.05) than the unfertilized plots, only measuring 0.39 
kg N ha-1 yr-1.  
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 The largest fluxes of each season were observed in the first month following 
fertilization. Fertilizer was applied on June 23rd of 2009, May 6th of 2010, April 20th of 2011, 
April 6th of 2012, and May 21st of 2013. Precipitation the first month after fertilization 
varied from 2009 through 2013 (112, 136, 126, 80, and 85 mm chronologically). Average 
soil temperatures were 24, 18, 13, 10, and 18 °C, chronologically from 2009-2013. The 
largest mean daily fluxes were found in the 120 kg N ha-1 plots for the month following 
fertilization every year of the study period, including the largest observed fluxes in each 
year. Peak fluxes from 2009 through 2013 include measurements of 87, 403, 258, 1002, 
and 728 μg N2O-N m2 hr-1, respectively. 
Carbon dioxide 
Fertilizer treatments did not affect CO2 fluxes during the five years of measurements 
(Figure 15 and table 4). Overall mean annual cumulative fluxes for the 0, 60, and 120 kg N 
ha-1 fertilizer treatments ranged from 4.1 to 7.9 Mg C ha-1. Mean annual cumulative fluxes 
among fertilizer treatments were not significant in any year except 2011. The largest peak 
fluxes were measured in the first two years of the study after initial planting. In June 2009 
the highest observed flux was 4.1 g C m-2 hr-1. Carbon dioxide was exponentially related to 
soil temperature at 10 cm (r = 0.64) (Figure 17). 
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Figure 13. Daily precipitation amounts, soil temperature at 10 cm, and daily N2O fluxes from 2009-2013. The largest fluxes 
from each year were observed after fertilizer application. 
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Figure 14. Cumulative N2O emissions from 2009-2013 with date fertilized. Different letters denote statistical differences (p < 
0.05). 
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Table 4. Yearly cumulative CO2 and N2O by treatment. Different letters denote significant 
difference across fertilizer treatments (p < 0.05).  
Greenhouse gas Year
0 60 120
CO2 (Mg C ha
-1) 2009 6.3a 6.6a 6.7a
2010 7.9a 7.7a 7.0a
2011 5.0a 4.5ab 4.1b
2012 5.7a 5.0a 5.2a
2013 7.2a 6.1b 5.8b
N2O (kg N ha
-1) 2009 0.54b 0.87ab 0.92a
2010 0.33b 0.76b 13.6a
2011 0.1c 0.47b 1.08a
2012 0.39b 3.67a 4.32a
2013 1.19b 1.64ab 2.39a
Yearly cumulative CO2 and N2O fluxes 
Treatment kg N ha-1
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Figure 15. Soil temperature at 10 cm, and daily CO2 fluxes from 2009-2013. The largest fluxes from each year were observed 
during the warmest month of measurement.  
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Figure 16. Cumulative CO2 emissions from 2009-2013 with date fertilized. Different letters denote statistical differences (p < 
0.05).
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Figure 17. Soil temperature at 10 cm vs. daily CO2 flux. 
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Discussion 
Effects of nitrogen fertilizer on nitrous oxide 
 Nitrous oxide emissions increased with increasing fertilizer treatments from 2009 
through 2013. Fluxes varied throughout the growing season, and from year to year. Nitrous 
oxide emissions followed the general pattern of low fluxes in early spring, elevated fluxes 
after fertilization, and returned to low fluxes from mid-summer through winter months. 
This pattern was observed in every year except the initial planting year. As discussed in 
Behnke et al. (2012), N2O fluxes were most affected by precipitation events following 
fertilizer application. Fertilizer was not applied until June 23rd of 2009. Due to the late 
application of fertilizer, spring time rain events were limited along with N2O fluxes. The 
largest flux in the 2009 sampling season was recorded at 83 μg N2O-N m2 hr-1. The 
following years of 2010 and 2011 represented a more typical flux year. Large fluxes were 
recorded from the fertilized plots for 1-2 months after fertilizer application. The largest 
individual fluxes were both measured the 120 kg N ha-1 plots, 403 μg N2O-N m2 hr-1 in 
2010, and 258 μg N2O-N m2 hr-1 in 2011. However, the largest recorded fluxes were 
recorded in 2012 and 2013. Soil and air temperatures in March of 2012 were above 
normal, and M. giganteus emerged several weeks earlier than a typical year. Fertilizer was 
applied in early April, and both the 60 and 120 kg N ha-1 plots responded with large N2O 
fluxes. The 60 and 120 kg N ha-1 plots peaked at 870 and 1002 μg N2O-N m2 hr-1, 
respectively. These were the two largest recorded during the 5 years of N2O sampling. In 
2013 the 60 and 120 kg N ha-1 plots also had high fluxes, however they were more greatly 
separated. The two greatest peaks for the 120 kg N ha-1 plots were 728 and 645 μg N2O-N 
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m2 hr-1 whereas, the two greatest peaks for the 60 kg N ha-1 plots were only 187 and 266 μg 
N2O-N m2 hr-1. The 2013 fluxes spanned a shorter period after fertilization compared to 
2012. Both years experienced drought conditions late in the growing season that likely 
limited emissions. 
Cumulative fluxes in the 120 kg N ha-1 plots were significantly greater (p < 0.05) 
than the 0 kg N ha-1 plots in every year sampled, except in 2009. The 60 kg N ha-1 plots 
varied from year to year, with the N2O flux not significantly different than the 120 kg N ha-1 
plots in 2012or the 0 kg N ha-1 plots in 2010, statistically the same to both in 2009 and 
2013, and statistically different from both in 2011. Cumulative fluxes in 2012 from the 60 
and 120 kg N ha-1 plots were similar to that from corn emissions in the area. Smith et al. 
(2013) found emissions from corn to be from 3.7 to 7.8 kg N ha-1 yr-1. Emissions in 2012 
from the 120 kg N ha-1 plots were 4.3, and 3.7 from the 60 kg N ha-1 plots. These cumulative 
values meet or exceed that of corn measured by Smith et al. (2013); however, the 0 kg N ha-
1 plots over the 5 years compared well to unfertilized M. giganteus measurements in the 
Smith et al. (2013) study, ranging from 0.1 to 1.1 kg N ha-1 yr-1.  
Carbon dioxide fluxes  
Unlike N2O fluxes, CO2 fluxes were not affected by N fertilizer treatments. From 
2009-2013 cumulative CO2 fluxes averaged 6.5, 4.5, 7.5, 5.3, and 6.4 Mg C ha-1 
chronologically. It has been well established in the literature soil temperature is the 
strongest predictor of annual CO2 production (Drury et al., 2006; Parkin and Kaspar, 2003; 
Behnke et al., 2012; and Raich and Porter, 1995). I found similar results in this study. 
Carbon dioxide fluxes were greatest in summer months when temperatures were the 
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greatest at a soil depth of 10 cm. Upon a literature review no other research was found 
measuring CO2 fluxes under M. giganteus. Jabro et al. (2008) measured CO2 emissions from 
undisturbed soil grass alfalfa and found similar growing season fluxes, under 1 g CO2-C m-2 
hr-1. Our results were also similar to Knapp et al. (1998). That group measured emissions 
from prairie grass and found annual fluxes from 13 to 21 Mg C ha-1. However, Mielnick and 
Dugas (2000) found a much lower annual cumulative flux of 1.7 Mg C ha-1 from a tall grass 
prairie system. These studies related higher fluxes to greater precipitation amounts in peak 
growing months. Our range of CO2 emissions from year to year are likely related to both 
soil temperature and soil moisture, however these environmental conditions do not 
produce perfect relationships making prediction soil respiration an ongoing challenge.  
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Chapter 4: CONCLUSIONS 
The Energy Independence and Security act of 2007 set in place renewable fuels 
standards (RFS) requiring the annual production of renewable biofuels to total 36 billion 
gallons by 2022. Conventional biofuels, corn ethanol and soybean based biodiesel, have 
been argued to be an unsustainable alternative to fossil fuels. Therefore, conventional 
biofuels have been capped to 15 billion gallons of production per year. Advanced cellulosic 
fuels are mandated to supply a majority 16 billion gallons of fuel by 2022. The primary goal 
of the RFS is to reduce the consumption of fossil fuels that would in turn reduce 
greenhouse gas emissions and dependence on foreign oil. For advanced cellulosic 
production to reach 16 billion gallons a year by 2022 large amounts of land will need to be 
converted to cellulosic feedstocks, perennial grasses and woody plants. It is likely 
production will be needed across a range of soil types with varying soil productivity. 
Potential wide scale production emphasizes the importance of research into the 
environmental effects of cellulosic feedstocks at as many locations as possible. During the 
past five years, research has been conducted to answer questions of biomass yields and 
environmental effects from fertilized M. x giganteus on five different soil types.  
Yields at each location increased through time as M. x giganteus became well 
established. The highest yields were observed at the Nebraska site, which had the most 
productive soil type. Soils in Kentucky, New Jersey, Illinois, and Virginia were all 
moderately productive, giving M. x giganteus a large potential production range across the 
eastern US. Yields did not increase with fertilizer treatment, except for the Illinois site in 
the drought year of 2012. The 2012 growing season was an extreme year where M. x 
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giganteus emerged early due to above average temperatures, but was killed by a frost in 
early April. A drought followed for the rest of the 2012 season. The fertilized plots likely 
benefited from the extra N applied to emerge more quickly the second time. The 
unfertilized plots were at a disadvantage without the supplemental N. It appears N 
fertilization does not benefit M. x giganteus growth during establishment under typical 
growing conditions; however, N fertilization could be beneficial if a site is susceptible to 
late frosts or extreme drought conditions.  
Miscanthus x giganteus changed surface soil (0-10 cm) properties from site to site, 
with fertilization rates not significant in determining changes. Soil history was found to 
play the greatest role in labile soil C changes, and fertilizer rate was found to be 
insignificant. Soil carbon increased at sites that were previously tilled regularly, and 
decreased at sites that were previously in turf grass systems. Unlike labile soil C, labile soil 
N increased at all sites regardless of fertilizer rate or site history. The uniform increase of 
labile N is not well understood, but M. x giganteus’ extensive root and rhizome system 
likely plays a role in the observed surface soil changes measured.  
Nitrogen loss from fertilized conventional crops is one argument for why corn is an 
unsustainable biofuel. Losses include gaseous N2O losses as well as NO3 and NH4 leaching. 
Unfertilized cellulosic feedstocks have been shown to have minimal N loss compared to 
conventional corn, including results from this study. However, fertilized plots lost 
significant amounts of N through leaching and N2O emissions. Nitrous oxide emissions 
were found to be significantly greater under fertilized plots. These emissions varied each 
year of the study, but the 120 kg N ha-1 plots emitted amounts of N2O similar to that of a 
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conventional corn system. Greater N leaching was found in the 120 kg N ha-1 plots, and 
leaching amounts at the Nebraska and Illinois sites were similar to that of conventional 
corn. The 120 kg N ha-1 rate does not seem sustainable under M. x giganteus. Nitrogen 
losses through N leaching and N2O fluxes were extensive without observed increases in 
yield.  
Miscanthus x giganteus produced large biomass yields across all of the soil types 
studied. If M. x giganteus was planted at a large scale across the eastern US, yields could 
help reach the RFSs 16 billion gallons of cellulosic mandate. The findings in this study 
support the potential of M. x giganteus to increase SOM if the land was historically tilled 
regularly. More research needs to be conducted to conclude why potentially mineralizable 
N increased regardless of site history. Miscanthus x giganteus’ belowground biomass is 
likely playing a role. Specifically studying roots and rhizomes may better our 
understanding of N cycling in M. x giganteus. Finally M. x giganteus does not seem to benefit 
from N fertilizer during establishment. The only significant response to fertilizer 
application was observed in an extreme weather year, and no difference was observed 
between 60 and 120 kg N ha-1. Future research on M. x giganteus should continue to 
observe fertilizer applications on established stands, but not just on prime agricultural 
land. Study sites on less productive soil series are necessary for practical future application. 
It also appears lower rates of fertilizer application could be evaluated. Lower rates may 
reduce the amount of N losses from the system, but still provide supplemental N to balance 
that removed by harvest. Furthermore, research in fertilizer type and timing could also be 
beneficial to minimizing N losses. Miscanthus x giganteus has a long research history, but 
there are still many questions left to answer about this potential biofuel feedstock. 
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